turely bulk-insulating, low-temperature resistivity anomaly, possible nematic phase, 1D edge state transport, and 2D unconventional Fermi surfaces have been observed in SmB 6 . 3, 4, 6, 7 On the other hand, most discovered topological insulator materials, including Bi 2 Se 3 , Bi 2 Te 3 and Sb 2 Te 3 , demonstrate high bulk conductivity due to defects induced bulk carriers. 8 In these topological insulators, the surface transport can be masked by highly conductive bulk states. 9 In contrast, in the SmB 6 , the surface transport is dominant in low temperature due to truely insulating bulk states. There are large amounts of grain boundaries in polycrystalline SmB 6 . These boundaries could form 2D surface states and conductivity channels in low temprature. Here, we report on thermoelectric transport measurements in polycrystalline SmB 6 and demonstrate a state transition from Seebeck effect. The Seebeck coefficient
suggests a transition of conductivity from 3D metallic bulk states to 2D metallic surface states with insulating bulk states. In addition, our results provide evidences that topological surface states exist and is robust to large amounts of boundaries and defects in the polycrystalline SmB 6 .
Polycrystalline samples of SmB 6 were fabricated in a vacuum furnace at a high temperature of 900 ˚C and a high pressure of 7 bar. The SmB 6 samples are in the shape of bars with typical dimensions of about 2 × 2 × 10 mm 3 . The Seebeck coefficient, electrical resistivity, and thermal conductivity were measured using a Quantum Design 14 T Physical Properties Measurement System (PPMS). The four-probe mode was employed in thermoelectric transport measurements between 2 K and 300 K. The applied AC bias current was 2 mA.
Figure 1(a) shows the temperature dependent resistivity of polycrystalline SmB 6 in the range from 2K to 300 K. Above 40 K, the bulk Kondo gap is closed due to thermal energy excitations, and the SmB 6 behaves like a metal. As the temperature decreases, the resistivity increases by several orders of magnitude due to the opening of a Kondo gap. Below 3.5 K, the resistivity approaches a constant value of ~ 0.017 Ω·m, which originates from the surface states of SmB 6 . 6 In Figure 1( 10 This is attributable to very high density of boundaries and defects in the polycrystalline SmB 6 . Fig 
Here, = , where is density of states, ( ) is the electron velocity, ( ) is the electron relaxation time, and u is the chemical potential.
The formula yields the well known Seebeck coefficient for semiconductors,
here , is the gap edge position of the conduction or valence band, and k B is Boltzmann's constant. Assuming that is negligible, S is proportional to − at high temperature.
Hence, ∝ −
S is sensitive to the characteristics of the electronic structure. According to ARPES, the band structures of SmB 6 display a Kondo gap of about 15 meV at the Fermi level and surface states below 15 K. 12 The 2D metallic surface states also emerge below 15 K. Below T = 12 K, the Seebeck coefficient S arises from the electronic contribution in the metallic surface states.
R. Takahashi et al. have theoretically studied thermoelectric transport in 3D topological
insulators by the Boltzmann equation. In a 2D topological insulator, the transport matrix for describing thermoelectric transport is,
Here, j is the electric current induced by electric field and w is the thermal current induced by thermal gradient. q is charge, and u is the chemical potential.
From the matrix elements, the thermoelectric parameters can be expressed as,
Here, the G and H is the thermal conductivity from electrons and phonons, respectively, is the electrical conductivity, and ZT is the thermoelectric figure of merit. In this theory, H is a constant. Considering a thin slab of 3D topological insulator with a small thickness d, so that the bulk is treated as 2D, from the Boltzman transport equation, the surface state transport can be expressed as,
and ∆=
Here v is the Dirac velocity, V is the average impurity potential, and n i is the density of impurities.
Hence, = − (12)
S. P. Chao et al. have calculated the thermoelectric transport in the surface states of topological insulators in the presence of randomly distributed impurities. 14 They deduced the generalized Mott formula for S when the temperature is close to zero, T ⟶ 0,
Here, is the electrical conductivity, When the impurity potential V ≠ 0 and the chemical potential
For a clean surface state with V ≈ 0, the density of impurities n ≈ 0,
Combined with Eq. (4), so
Hence, overall, as T ⟶ 0, ∝ − . The final Seebeck becomes = −
As shown in Fig. 2(b) , polycrystalline SmB 6 exhibits a low-temperature S anomaly. Below 12 K, |S| decreases linearly with temperature and resembles values for metal-like transport.
High-resolution ARPES identified that in-gap low-lying states form electron-like Fermi surface pockets within a 4 meV window of the Fermi level. 5 They disappear above 15 K, in correspondence with the complete disappearance of the 2D conductivity channels. Hence, the S anomaly below 12 K in polycrystalline SmB 6 is attributable to the 2D conductivity channels.
The efficiency of thermoelectric materials for cooling or power generation is described by the thermoelectric figure of merit ZT
where σ, S, and κ are the electrical conductivity, the Seebeck coefficient, and the thermal conductivity respectively. The resulting ZT in polycrystalline SmB 6 is shown in Fig. 3 . At high temperature, the 3D metallic bulk transport is dominant. The ZT increases with decreasing temperature and reaches a maximum value of up to 0.0073 at 37 K. Below 37 K, the ZT monotonously decreases down to near zero. Although someone reported that topological surface states could provide a route to optimize the ZT, it is evident that Smb 6 is not promising to be used in thermoelectric devices. 15, 16 In summary, we report the thermoelectric transport in the polycrystalline topological Kondo insulator SmB 6 . We find that the robust surface states survive in polycrystalline material with a large amount of non-magnetic impurities and disorder. The temperature dependent Seebeck coefficient demonstrates an anomalous transition from S(T) ∝ -1/T to S(T) ∝ -T at 12 K, where surface states start dominating the conductivity. This anomalous transition demonstrates a transformation from 3D metallic bulk states to completely 2D metallic surface states. Our results provide a new way to detect surface states in topological insulators. 
